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Abstract
It is proposed to produce highly charged ions in the local potential traps formed by the rippled electron beam in a
focusing magnetic field. In this method, the extremely high electron current densities can be attained on short length
of the ion trap. The design the very compact ion sources is feasible. For such ions as, for example, Ne8+ and Xe44+,
the intensities of about 109 and 106 particles per second, respectively, can be obtained.
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I. INTRODUCTION
The ion traps formed by space-charge distribution of the electron beam together with the electrostatic
potential barriers at some length were intensively investigated in the 40–60th years of the last century. The
studies were caused by attempts to develop the system of ion focusing for microwave devices [1]. In the
first experiments, ions were captured into the ion trap formed by the axially symmetric electron beam in the
cylindrical drift tube with positive potentials applied to both sides of the trapping region [2]. The processes
of compensation of the electron beam were considered theoretically in works [2–4], which treated the
captured ions as an ideal gas obeying the Maxwell-Boltzmann distribution. However, the theory of the
space-charge compensation takes into account the singly charged ions only.
The concept of using the ion trap for production of multiply charged ions was presented by E.D. Donets
in 1967 [5] following work by P.A. Redhead [6]. The Donets’s invention was named the electron-beam
method for production of ions. In 1968, the first experimental device based on this method was demon-
strated. The ions of gold with charges of up to +19 were successfully produced [7]. The ion source
received the name EBIS (electron-beam ion source). Afterwards, the ion sources have been widely used
around the world for more than 40 years [8].
The specific applications of ion sources substantially affect their design (in particular, the length of
ion trap Ltrap) and the operation regimes. The first generation of devices was aimed at the extraction of
multicharged ions for subsequent employment at accelerators. In this case, the length of ion traps was of the
order of Ltrap ' 1 m [9–12]. In 1988, the ion source with Ltrap ' 2 cm in the trapping regime (without the
ion extraction) received its own name EBIT (electron beam ion trap) was realized for the spectroscopical
studies of the characteristic x-ray emission [13]. The small length of ion trap allowed one to suppress the
problem of plasma instabilities. Further breakthrough was associated with development of the ion sources
without cryogenics [14, 15]. The peculiarity of ion sources of such type is to control the axial behavior of
ions in the electron beam by using the external electrostatic fields due to variation of potentials applied to
different sections of the drift tube. Accordingly, the drift tube should consist of at least three sections.
Although presently there is a variety of devices with different names, all the modifications employ the
same method of multiple sequential ionization by the electron beam suggested originally by E.D. Donets.
The argumentation of this method can be applied for the electron beam with constant radius only and,
therefore, with the smooth bottom of the axial potential distribution. In the following sections, we shall
consider the rippled electron beam, which creates its own local ion traps. If the period of undulation is
significantly less than the length of the single drift tube, these local ion traps cannot be controlled by the
external electric fields in accordance with the Donets’s scheme.
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II. LOCAL ION TRAPS IN RIPPLED ELECTRON BEAM
The rippled electron beam with the radius re varying periodically from the maximum rmax to the mini-
mum rmin creates a sequence of the local ion traps. The explanation of physical base for this type of ion
traps is shown in Fig. 1. The sag of the radial potential ∆U for the axially symmetric electron beam, which
propagates along the drift tube with the radius R, is given by
∆U(re) =
UP
4piε0
√
2η
(
1 + 2 ln
R
re
)
. (1)
Here ε0 is the permittivity of free space, η = e/m is the magnitude of the electron charge-to-mass ratio, U
is the potential of the drift tube relative to the potential of the cathode, P = Ie/U3/2 is the perveance of the
electron beam, and Ie is the electron current. Respectively, the depth of the axial potential well ∆Utrap is
equal to the difference between ∆U(rmin) and ∆U(rmax):
∆Utrap = ∆U(rmin)−∆U(rmax) = UP
2piε0
√
2η
ln
rmax
rmin
. (2)
As seen from Eq. (2), for the smooth electron beam (rmax = rmin), the local ion traps do not appear
(∆Utrap = 0). By contrast, for the rippled electron beam characterized, for example, by the ratio of radii
rmax/rmin = 100, the current Ie of 1 A, and the energy Ee = eU of 10 keV, the depth of the local potential
well is equal to ∆Utrap = 1.4 kV. Thus it is possible to create an effective local trap in the rippled electron
beam without any external electric fields.
The length of the local ion trap Ltrap along the z axis is equal to half-length of the ripple wave. The
value of Ltrap depends on the accelerating voltage U , the distribution of the focusing magnetic field B(z),
and the parameter of cathode conditions K. The parameter K is defined as the ratio of the magnetic flux
through the cathode with the radius rc to the magnetic flux through the cross section of the electron beam
with the radius re. This parameter is very important for the paraxial theory. Whereas K is varied between
0 and 1, the electron trajectories are changed significantly. The value K = 0 corresponds to so-called
the “Brillouin’s focusing system” [16]. In this case, the cathode of the electron gun should be located
in the zero magnetic field. Theoretically, for given magnetic field and the energy of electron beam, the
extended Brillouin’s beam with constant radius acquires the highest current density [17]. This property
of the Brillouin’s focusing makes it very attractive for EBIS. However, the practical realization of such
electron beam focusing is rather difficult [18]. Extremely careful shapes both for the magnetic field and
for the electron trajectories in electron gun are necessary to obtain the nonrippled beam. There is only one
combination of the shape of magnetic field and the electron gun geometry, for which the electron beam can
have the constant Brillouin’s radius. These are so-called the “Brillouin’s conditions” [16]. In all other cases,
the electron beam is rippled.
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FIG. 1: (Color online) Formation of local ion traps by the rippled electron beam, which propagates along the
cylindrical drift tube. The electron beam is cut at the places, where the radius re reaches either the maximum rmax or
the minimum rmin.
Generally, for arbitrary relationship between the magnetic field distribution and the electron trajectories,
the thermal theory predicts formation of a sequence of images and crossovers [19]. In the crossovers, that
is, in the local ion traps created by the rippled beam, the electron current density is many times higher than
that in the case of the smooth Brillouin’s flow. Therefore, new generation of the ion sources characterized
by both small size and extremely high electron current density can be realized by using local ion traps in
the rippled electron beam. A low capacity of the ion trap due to very short length of the device can be
compensated by running in the mode with high repetition rate.
III. FORMATION OF LOCAL ION TRAPS WITH EXTREMELY HIGH ELECTRON CURRENT DEN-
SITY
In general case, the focusing of the axial electron beam in the magnetic field of a solenoid is the focusing
of charged particles by a thick magnetic lens. The electron beam from the cathode at zero magnetic field
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is transformed into a sequence of the focuses in the regular magnetic field. Since the first focus is the most
acute, it can be called the main magnetic focus. In the next focuses, the diameter of the beam increases
successively under the influence of aberrations and nonlinear effects. A magnetically compressed electron
beam was studied by K. Amboss [19]. The main conclusion of this work is that the electron beam damps
out the undulations and looses the periodic structure within a relatively short distance. Therefore, in the
following, we shall take into account the magnetic lens for three focuses only.
As an example, let us consider the electron beam with the current Ie = 50 mA and the energy Ee = 10
keV projected by cathode with the radius re = 0.25 mm. The magnetic field has the short distributionB(z),
which allows to create three focuses. The electron trajectories in the focusing magnetic field are shown in
Fig. 2. In each focus, the local ion trap appears. The axial distributions of the electron current density are
calculated over the region of each focus, namely, from the point z = −0.5 mm to the point z = +0.5 mm
with the step of 0.1 mm (see Fig. 3). The central point z = 0 corresponds to the position of the highest
current density in each focus.
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FIG. 2: (Color online) Focusing of the electron beam by a thick magnetic lens. The electron gun is arranged with
cathode (K), focusing (Wehnelt’s) electrode (W), and anode (A). The drift tube is marked by the letter D, while F1,
F2, and F3 denote the first, second, and third focuses, respectively.
The results of numerical calculations of the electron current densities are presented in Figs. 4 – 6 for dif-
ferent magnetic fields at the cathodeBc. For the zero field at the cathode, the first focus is acute (see Fig. 4),
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FIG. 3: (Color online) Overview of the magnetic focus Fi and the positions of cuts, where the electron current
densities are calculated.
as it is predicted by the theory of the thick magnetic lenses. The structure of this focus is complicated. It
exhibits all general features for focusing of the electrons emitted by the cathode with finite size. One can
distinguish two groups of the electrons, which create two peaks, respectively. One part of the electrons is
ejected from the central part of the cathode and generates the more acute peak. The second group of the
electrons is emitted from the peripheral part of the cathode. The electrons are subjected to greater influence
of the thermal velocity effects, aberrations of anode lens, and the distortion effects of the electric field in
the gap between the cathode and focusing electrode. These effects give rise to the turbulence of the electron
beam just in the first focus. The errors generated by the parasitic processes are accumulated very rapidly, so
that the subsequent focuses lose their densities. The amplitude value of the electron current density in the
second focus is less than that in the first focus by about factor of 10. The density distribution in the third
focus is negligibly small. Nevertheless, it is possible to achieve very high density in the second focus of the
magnetic lens, if the defocusing processes are suppressed.
The magnetic field at the cathode (K > 0) significantly alters the electron trajectories. Just a slight
magnetic field at the cathode suppresses some defocusing factors, namely, the effect of thermal velocities
of electrons and distortion of the electric field near the boundary of the cathode. However, these positive
effects cause also some losses of the electron current density.
In Fig. 5, the distributions of the electron current density are shown for three focuses of the electron
beam, if Bc = 100 G. The maxima of the current density are decreased. The strongest peak is now located
in the second focus F2. The electron current density along the z axis is more close to the normal distribution.
Despite of some losses of the electron density, the amplitude value of the current density in the second focus
is high enough (∼ 55 kA/cm2).
Increasing magnetic field at the cathode up to Bc = 200 G leads to further reduction of the maximum
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FIG. 4: (Color online) Axial distribution of the electron current density within the local ion trap for the first and
second focuses. The magnetic field at the cathode is absent. The point z = 0 is adjusted to the position of the highest
current density in each focus.
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FIG. 5: (Color online) Distribution of the electron current density for the case of Bc = 100 G.
electron current density in the focuses of the electron beam (see Fig. 6). In the range of each focus, the
electron current density becomes more close to the normal distribution. The current density turns out to be
more than 10 kA/cm2 on the length of about 0.3 mm. The values of the current density in different focuses
are close to each other.
The examples considered above show that it is possible to design the miniature device, in which the
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FIG. 6: (Color online) Similar to Fig. 5 for the case of Bc = 200 G.
geometric factor of the rippled electron beam is used to confine the ions in the local ion traps. The electron
current density can achieve extremely high values of the order of hundred kA/cm2 on the length of, at most,
1 mm. We shall refer to the device as the main magnetic focus ion trap (MaMFIT), in accordance with
definition of the most acute focus as the main one.
The following two remarks should be pointed out here. Firstly, the present consideration is performed
for pure electron beam. Since the ions prepared in the local ion traps compensate the space charge of
electrons, the real electron current densities should be higher than those predicted in Figs. 4–6. The ion
focusing of the electron beam needs to be included in the model calculations. Secondly, further increase of
the magnetic field at the cathode leads to the system with magnetic compression of the electron beam. The
main estimates for such system were done for the EBIS KRION-2 in Dubna [12]. This method of focusing
makes it possible to obtain relatively smooth electron beam with high current density [20].
IV. CONTROL OVER BEHAVIOR OF IONS IN LOCAL ION TRAPS
The ion trap together with the system of ion extraction becomes the ion source. In particular, the MaM-
FIT is transformed into the MaMFIS (main magnetic focus ion source). However, the standard method used
for control over behavior of ions in the ion trap of the EBIS, where the axial transport of ions is managed by
the external electrostatic fields, is not feasible for the MaMFIS. The implementation of this principle would
require to locate the drift tubes very close to each other. As a result, the interelectrode space becomes too
small initiating the voltage breakdown. Since the electron beam makes the local ion traps by its rippled
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structure, the electron beam should change its form into the smooth one in order to allow the ion extraction.
In this case, the potential distribution along the electron beam becomes also smooth, so that the ions can
leave the local trap. Practically, it can be realized, if the potential of the focusing electrode is switched over
negative with respect to that of the cathode. Then the pulsed electron beam is transformed into the smooth
beam. Although this method requires special shapes both for the electrodes of the electron gun and for the
magnetic field, it allows the MaMFIS to run with high repetition rate. A very short time requisite for the
ion confinement is provided by extremely high electron current density in the local ion trap.
In Fig. 7, the schematic structure of the three-focus MaMFIS, which corresponds to calculations pre-
sented in Figs. 3–6, is shown. The electron beam has the current Ie = 0.1 A and the energy of Ee = 10
keV. The amplitude value of the magnetic field strength is about 4 kG. The trapping mode is realized, if the
cathode potential is equal to the potential of the focusing electrode. When the potential of the Wehnelt’s
electrode is less than the cathode potential, the electron beam becomes smooth and the extraction mode is
switched on.
K
W
A
D C
B z
E
F F F
(a)
1 2 3
(b)
FIG. 7: (Color online) Schemes of the electron optics and the electron trajectories for the MaMFIS with three focuses.
Operation regimes: (a) trapping mode and (b) extraction mode. The marks are similar to those employed in Fig. 2. In
addition, the letter C denotes the collector and E denotes the extractor (ion optics).
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V. PRODUCTION OF HIGHLY CHARGED IONS IN MAMFIS
The rough estimate shows that the confinement time for the production of highly charged ions in the
electron beam with extremely high current density is sufficiently small [13]. In addition, the length of the
local ion trap is very short. Accordingly, injection of the working substance into the ion trap as a pulse in
accordance with basics of the EBIS technology is either difficult or impossible. In particular, it concerns
light elements of the Periodic Table.
We shall consider the preparation of high charge states in the local ion trap with permanent pressure
of the working substance. The standard EBIS theory predicts that in this case the output spectrum should
contain all ions of the working gas with the charges q from +1 up to some maximum value [20]. However,
in the plasma trapped by extremely dense electron beam, the phenomenon of “auto-cooling” takes place.
Namely, the low charged ions of the working substance cool the highly charged ions of the same working
substance. In other words, there is no need to add any special cooling gas, since the working gas cools
itself. As a result, the equilibrium spectrum of ions turns out to be very narrow. It consists of highly
charged ions mainly. This phenomenon is realized, because the neutral atoms and the ions with low charge
states of about +1, which are generated continuously from the working substance, cool the highly charged
ions accumulating in the trap. The ions in the middle charge states escape rapidly from the trap due to the
process of “evaporative cooling” [21].
If the energy of incoming electrons is fixed, there is the limiting concentration of neutral atoms N lim0 ,
in which the production of ions with the given charge state q is still possible. The limiting concentration
N lim0 can be estimated from the condition of dynamical equilibrium between the electron loss and capture
processes. If the radiative recombination is less probable than the charge exchange of multicharged ions on
neutral atoms, the balance of rates for the ionization and the charge exchange is equivalent to the following
equation:
N lim0 =
je
e
Nq−1σ+q−1,q
Nqvσchexq,q−1
. (3)
HereNq is the concentration of ions in the charge state q, v is the ion velocity averaged over the Maxwellian
distribution, σchexq,q−1 is the cross section for charge exchange of ions with neutrals, and σ
+
q−1,q is the single
ionization cross section. Complete consideration of this running mode will be presented in details elsewhere.
As it follows from Eq. (3), the limiting concentration is directly proportional to the electron current density
je. Therefore, in the local ion trap formed by very dense electron beam, highly charged ions can be produced
in low vacuum.
In order to estimate the operation possibilities of the MaMFIS, we have studied the charge state distribu-
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tions and expected intensities for ions of Xe, Ar, and Ne produced in the local ion trap by the electron beam
with the current density je = 20 kA/cm2. The calculations are performed with the use of the computer code
written in 1996-1999 years [22, 23]. The code takes into account two working substances with permanent
pressures in the ion trap. One of the substances can be chosen as a residual gas, for example, hydrogen.
This option allows one to simulate the ionization processes most closely to the experimental conditions.
The parameters of the local ion trap used in the numerical calculations are presented in Table I.
TABLE I: MaMFIS: parameters of ion trap
Electron current Ie 0.1 A
Electron energy Ee 10 keV
Electron current density je 20 kA/cm2
Length of ion trap Ltrap 0.1 cm
Volume of ion trap Vtrap 5× 10−7 cm3
Total electron charge Qe 107 e
Concentration of electrons ne 2× 1013 cm−3
A. Ionization of Xe
The simulation is performed for the permanent pressure of neutral Xe of 2× 10−8 mbar with admixture
of neutral hydrogen under the partial pressure of 10−9 mbar (see Fig. 8). The confinement time is chosen
to be 10 and 30 ms. Accordingly, the MaMFIS should run with the repetition rate ν of about 100 – 35 Hz.
The spectrum is characterized by considerable suppression of the ion population in the middle charge states
within the range +5 . q . +15, which actively participates in the process of “evaporative cooling”. In
addition, the part of highly charged ions is pronounced and relatively narrow.
The yield of ions with charge q can be estimated by using the following formula:
Υ = νNqVtrap. (4)
Taking the concentration of Xe44+ ionsNq of about 4×1010 cm−3, the ionization volume Vtrap = 5×10−7
cm3, and the running frequency ν = 100 Hz, one obtains the ion yield Υ ' 2 × 106 particles per second
(pps). This value is much higher than the intensities obtained with the use of the Dresden EBIS devices
[24].
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FIG. 8: Charge state distributions of Xeq+ ions at permanent pressure of the working gas.
B. Ionization of Ar
The charge spectra of Arq+ ions after their confinement in the local ion trap during 1 and 20 ms are
depicted in Fig. 9. The estimates for the ion current are made analogously to that for the ions of Xe. For
example, after 1 ms the predicted yield of Ar16+ ions should be about 2 × 107 pps. For the production of
Ar18+ ions the confinement time is increased up to 20 ms. The corresponding estimate for the ion yield
gives Υ ' 106 pps.
C. Ionization of Ne
For stepwise ionization of the light elements such as Ne, the pressure of neutral gas in the ion trap can
be increased. In the first computer simulation, the permanent pressure of Ne is fixed at the level of 2×10−7
mbar. The admixture of residual hydrogen is also taken into account under the permanent pressure of 10−8
mbar. The electron beam is characterized by Ie = 0.1 A, je = 20 kA/cm2, and Ee = 8.5 keV. The charge
spectrum of Ne ions after 1 ms of confinement is presented in Fig. 10. The ion yield of Ne9+ is estimated
as about 2× 108 pps, while the yield of Ne10+ ions is less by half.
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FIG. 9: Charge state distributions of Arq+ ions. The permanent pressures of neutral gases are equal to 2 × 10−8
mbar and 10−8 mbar for argon and hydrogen, respectively. The parameters of the electron beam are the following:
Ie = 0.1 A, je = 20 kA/cm2, and Ee = 8.5 keV.
In order to compare the influence of electron current density and vacuum on the charge spectrum of Ne
ions, the second simulation is done for the electron beam with je = 5 kA/cm2 and Ee = 5 keV in vacuum
of 10−6 mbar. In this case, the ionization volume Vtrap is of about 2 × 10−6 cm3. The background gas
(hydrogen) is assumed to have the permanent pressure of 10−8 mbar. The charge state distribution of Ne
ions is shown in Fig. 10. The confinement time is 1 ms. The yield of Ne8+ is estimated to be at least 109
pps. Obviously, the ions can be prepared for the confinement time even less than 1 ms.
The theoretical estimates presented above confirm the well-known statement that the high electron cur-
rent density is the key for effective production of highly charged ions. The pilot examples of the MaMFIS/T
with the electron beam energies of 4, 10, and 30 keV are being tested by the method of x-ray spectroscopy
[25]. The experimental results will be published elsewhere.
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FIG. 10: Charge state distributions of Neq+ ions. The confinement time is 1 ms. Neutral hydrogen under the
permanent partial pressure of 10−8 mbar is admixed as the background gas.
VI. CONCLUSIONS
The technology of magnetic compression of the electron beam from the cathodes with high emission
density allows one to create the unique ion traps in crossovers of the rippled electron beam. The control
over behavior of ions can be performed by changing the potential on the focusing electrode of the electron
gun. The ion traps have the extremely high electron current density in crossovers and very short length.
The latter gives one more advantage of the device, because it decreases the chance of instability of the
dense electron beams. The MaMFIS is the compact ion source of new generation, which can be used
for technological applications and scientific investigations in atomic physics, plasma physics, solid-state
physics, single ion implantation, ion lithography, and others.
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